The study of micro-nano patterned surfaces has become a key area in the last few years. While the principal reason behind this interest is the wide range of applications of these surfaces; adhesion and wetting studies also have turned into important areas of research. This is especially important in applications such as biomimetic surfaces, lab-on-chip devices, etc. The study of the contact angle and surface energy is therefore both interesting and crucial. In this paper, an attempt is made to compute the contact angle of various substrates using four different methods. Apart from the traditional half angle method and goniometry which are quite well-known, image processing methods based on curve fitting and Hough transforms which have been developed by the authors have been considered for this comparative analysis. In this paper, the Hough transforms-based technique has been discussed in detail. While it is difficult to declare any one technique as the universally best, the pros and cons of all the four algorithms have been discussed in the results section. The algorithms were tested on micro-patterned surfaces fabricated over three different materials: poly dimethyl siloxane (PDMS), polystyrene and acrylic using laser.
Introduction
Analysis and characterisation of a surface requires the definition of certain properties of the surface. One such principal parameter which defines the nature of a surface is the contact angle. The wettability of a surface governs the potential applications of surfaces. Surfaces are often modified physically or chemically to impart either superhydrophobic (Karthick and Maheshwari, 2008) or hydrophilic properties to them. The measurement of the contact angle has therefore been of significant interest to researchers across the world. A proper understanding of contact angle and surface energy is of special interest in many different fields in physics and engineering, such as lubrication in machinery, diffusion and migration of liquids through porous media, coatings, dispersions, adhesion, membranes, etc. (Atae-Allah et al., 2001) . Although numerous methods have been proposed for contact angle measurement, the need for a robust yet easy-to-use, low-cost technique persists. Developments in open-source computer software and low cost digital imaging devices are drivers for such a reappraisal (Williams et al., 2011) .
Wettability is often characterised in terms of the three-phase contact angle, which relies on the relative interfacial tensions according to Young's equation. When the droplet rests over the surface, three interfacial forces balance at the edge of the drop. Two are in opposite directions and the third one forms a particular angle, which is called the contact angle; illustrated in Figure 1 . Popular theories like Wenzel's and Cassie-Baxter's have been built on observations of the contact angles made by various fluids on a wide range of substrates. It can be said that these theories laid the foundation for wetting studies at the micro-scale or rough surfaces. The accurate determination of the contact angle is of utmost importance in order to understand the behaviour and classify a surface as hydrophobic, hydrophilic, superhydrophobic or superhydrophilic. In this work, authors compare two vision-based algorithms namely Hough transforms-based method and curve fitting technique with currently used techniques, i.e., goniometry and half angle method. In the vision-based techniques, edge detection is first performed, followed by either linear and circular Hough transformations or a curve fitting algorithm. Once the equations of the substrate surface (line equation) and droplet (circle equation) are known, the contact points are computed. Tangents defined at these triphase points determine the contact angles of the surfaces. The algorithm was tested on three different materials PDMS, polystyrene and acrylic surfaces -both smooth and patterned using different geometries. Finally, the performance of the algorithms is compared with the contact angles measured using goniometry and half-angle method.
Measurement over patterned surfaces: challenges
The Wilhelmy plate and the Nouy ring methods have traditionally been used for surface-tension measurement (Drelich et al., 2002) . These procedures are accurate but difficult to use, and much care must been taken in the measurement process. Also, the Wilhelmy plate method is not suitable for rough and porous surfaces. The earliest measurements, such as that of Young, used a protractor or a similar graduated scale for measuring the angle. The half-angle method is based on the assumption that the sessile drop is spherical or forms part of a sphere and the contact angle values are computed using the principles of Euclidian geometry. The half-angle method uses a line drawn from the triphase point to the apex of the circle as shown in Figure 2 . This method is valid only for perfect circles. Goniometry may produce errors in determining the tangent position and the triphase point of a liquid drop (Xu et al., 2012) . Gravity-induced sagging can amplify variations in goniometric measurements of the contact angles of sessile drops on super-liquid-repellent surfaces (Srinivasan et al., 2011) .
With rapid advances in the fields of digital signal processing and analysis, contact angle measuring methods based on digital image analysis including axisymmetric drop shape analysis (Hoorfara and Neumanna, 2004) , overall least squares fitting -polynomial fitting (Lin et al., 2005) , ellipse fitting (Xu et al., 2011) and B-spline approximation (Pei et al., 2007) have been reported. The current techniques have certain limitations owing to the high noise levels at the solid-liquid interface especially amplified when the size of the droplet is extremely small and when the contact angles are high. Noise occurring in the image can be partly filtered with median filtering (González and Woods, 2008) . Noise has an impact on the measurement of contact angle, especially around the contact points. Moreover, the accuracy of the above techniques depends on the determination of drop shape and contact points. This work proposes an alternative approach for computing the contact angle, based on the use of Hough transformations and aims to compare it with results obtained using traditional techniques. Hough transformations is the transformation of points in 2D space (i.e., image) into Hough parameter space depending upon the shape of the objects to be detected.
A straight line in the x, y-plane described by:
This line when mapped onto parametric space is given as:
where r is the distance between the line and the origin, θ is the angle. Thus, given x and y, every line passing through point (x, y) can uniquely be represented by (θ, r). Circular Hough transforms (CHT) though similar in principle to the linear Hough transforms (LHT), work on the equations for circles. The generalised equation of a circle is,
where (x o , y o ) represents the centre of the circle, (x, y) is a point on the circle and R is the radius of the circle. The parametric representation of this circle is 0 0 cos ;
The points on the objects (circle or line) to be detected are chosen from the edges of the objects. For each edge point, a circle is drawn with that point as origin and radius r. The CHT also uses an array (3D) with the first two dimensions representing the coordinates of the circle and the last third specifying the radii. The values in the accumulator (array) are increased every time a circle is drawn with the desired radii over every edge point. The accumulator counts the number of circles that pass through the coordinates of each edge point and proceeds to a vote to find the highest count. The coordinates of the centre of the circles in the images are the coordinates with the highest count. The Hough transforms parameters are indicated in Figure 3 . 3 Materials and methods
Measurement device and sample
The setup integrated by the author for contact angle measurement is shown in Figure 4 . The study of contact angle of distilled, deionised water has been carried out on three samples, PDMS, polystyrene and acrylic. Samples were rinsed with ethanol and dried in air prior to the measurements. The measurement of the contact angle was performed at room temperature of about 21°C. A heat shield was used to avoid droplet evaporation or temperature changes as well as to ensure uniform distribution of light. After ensuring that the solid sample surface was exactly horizontal, uniform volume drops of deionised water, with a volume of the 20-100 µl were dispensed onto the surfaces using a needle and syringe pump arrangement. Drop shape was recorded with a high speed CCD camera (Model: Photron SA1.1 FASTCAM; Model: 675K-M2) and images were then processed by a computer and stored. 
Hough transformations-based algorithm
The image processing starts with noise removal by median filtering. This is followed by edge detection by Sobel operator. Linear and CHT were then applied on the binary edge image. Based on the three parameters of the circle, i.e., x o , y o and R, referring to the x and y-coordinates of the centre of the circle and the radius respectively, the circle equation which is the equation of the droplet is obtained. Similarly, the substrate equation is given as the equation of a straight line. The points of intersection of the circle and the straight line are the coordinates of the triphase contact points. The contact angles are then determined as the angles between the tangents at the contact point and the base line. 
Curve fitting-based algorithm
After basic noise removal by median filtering and contrast enhancement using adaptive histogram equalisation, simple morphological operations were performed to fill the droplet in case of any bubbles or air entrapment which may otherwise be treated as edges during the edge detection stage. Sobel edge detection technique is then performed for boundary extraction of the droplet image. User input was taken to identify the two contact points by clicking on the left and right contact points on the edge detected, binary image of the droplet. The program uses these points as inputs for further image processing and mathematical manipulation. Assuming the droplet cross-section resembles a circle, the best fitting circle (which is the circle closest to the detected edge of the droplet) is obtained by several iterations of shrinking or enlarging the first circle till it fits perfectly onto the edge of the droplet. Once the best fit is obtained, a tangent is defined at the contact points and the contact angle is determined. The measurements of contact angle were made on micro-patterned substrates of PDMS, polystyrene and acrylic over an array of geometric patterns.
Results and discussions
The algorithms were tested on 24 micro-patterned surfaces, i.e., eight designs fabricated on three different materials PDMS, polystyrene and acrylic surfaces. Contact angle measurements were made using goniometry, half angle method, curve fitting and Hough transforms; and the results obtained have been presented through the Tables 1 to 4 and Figures 6 to 8. The setup uses a high speed camera, whereby the effects of droplet evaporation or droplet spreading are minimal, ensuring higher levels of accuracy in determining the contact angles. A detailed analysis of the results follows.
It has been found that, the smaller the size of the pattern features, the higher the contact angles. For instance, considering the ridges topology, the contact angle of the 300 µm ridges pattern was lower than the contact angle of ridges in the range of 30-90 µm. The contact angle of 30 µm ridges pattern was found to be the highest among the ridge patterns of different dimensions. This may be attributed to the fact that smaller patterns ensure a better solid-air composite surface over which the liquid droplet rests, thereby enhancing the contact angles.
With an increased pitch (spacing between two features of a pattern), the liquid droplet was found to follow Wenzel's law. Also, high aspect ratios coupled with low spacing tend to have higher contact angles as the solid-air composite formed does not allow the liquid droplet to penetrate. It has been observed that the width of the feature being greater than or equal to the pitch between two features is a necessary condition for a liquid droplet to follow the Cassie-Baxter wetting regime but is not sufficient in itself to ensure Cassie-Baxter wetting.
The half angle method was found to yield almost uniform results on all the patterned surfaces of each substrate, as it is exclusively based on the geometry of the droplet, i.e., the height and chord length of the droplet. Changes in the micro-patterned geometry lead to corresponding minor variations in the droplet geometry and therefore do not yield very accurate results. This technique may therefore be used when the accuracy of the measurement may be compromised and when an inexpensive measurement of contact angle is sufficient for analysis. Curve fitting-based algorithm is sensitive even to minor variations in the droplet geometry and yields accurate results.
Measurements made by the use of a goniometer were found to be inefficient and inaccurate when the substrate surface is uneven. Although there is a provision for correcting the tilt by rotating the table where the sample is positioned, it also leads to a corresponding rotation of the droplet placed over the substrate changing the droplet radius and position. The error specially gets magnified when the tilt is high because a higher degree of rotation would lead to a higher spreading of the droplet over the substrate surface. Moreover, measurements obtained using goniometer over micro-patterned surfaces were visibly inaccurate because the projections over the surfaces are mistaken to be the base-line leading to erroneous results. The proposed algorithms account for any such tilt by rotating the entire image to make it horizontal.
Though measurements of contact angle by Hough transforms were found to be efficient and robust, the technique does have certain limitations. When the drop radius is specified randomly, contact angle measurement based on Hough transforms leads to the detection of multiple circles in the given range of diameters thereby making the detection of the actual droplet difficult. While this problem can be circumvented to some extent by creating a GUI which allows the user to choose the droplet size to enable the measurement of contact angle, it still has a setback. For example, given that the volume of the droplet is 2 µl; a hydrophilic surface results in the spreading of the droplet within a few seconds. Therefore, identifying the range of possible radii for detecting the droplet would be difficult in cases where the droplet spreads very fast as on acrylic and glass surfaces. Re-adjusting the radius each time before computing the contact angle in such cases would make the use of this algorithm very cumbersome. This explains the wide variations of contact angle measurements observed in Figures 7 and 8 . This technique is thus best suited for hydrophobic surfaces and in surfaces where spreading is minimal.
The curve-fitting-based algorithm was found to be independent of droplet size and influence of gravitational effects. The edge detection followed by curve fitting estimates sessile drop shape accurately. Rotating the substrate surface accounts for the correction of any unevenness or tilt in the substrate surface. The user input taken on the edge-extracted image of the droplet ensures enhanced accuracy even at high contact angles, in contrast to the other techniques where the inability to detect solid-liquid interface accurately further increases the error. 
Conclusions
The proposed vision-based algorithms that approximate pattern surface edges as lines, and droplets as best shape-fit partial circles are found to be independent of droplet size and influence of gravitational effects. Further, the setup uses a high speed camera, whereby the effects of droplet evaporation or droplet spreading are minimal, ensuring higher levels of accuracy in determining the contact angles. This approach overcomes the challenge of improper edge detection as it uses edge detection techniques instead of morphological operations; because in morphological operations, the accuracy depends on the choice of the structuring element. By rotating the substrate surface, it overcomes the problem encountered while using a goniometer on uneven surfaces; where the slanted substrate surface is approximated with a straight line. In case of the curve fitting algorithm, the user input taken on the boundary-extracted image of the droplet ensures enhanced accuracy even at high contact angles, in contrast to the current practices where the inability to detect solid-liquid interface accurately further increases the error. The algorithm has been used to compute contact angles on various micro-patterned geometries of mean size 300 µm and a pitch of 100 µm, which were fabricated on hydrophobic (PDMS and polystrene) and hydrophilic (acrylic) surfaces. The technique is therefore robust and predicts accurate results for micro-patterned surfaces. While it has been observed that both the Hough transforms and curve fitting algorithms predict the contact angle accurately; the choice of the appropriate technique is to be made based upon the substrate wettability, accuracy needed and whether or not human interaction may be permitted.
